Panobinostat, a histone deacetylase inhibitor, induces histone acetylation and acts against cancer but attenuates its anticancer activity by activating the mammalian target of rapamycin (mTOR) pathway. AMP-activated protein kinase (AMPK) is a cellular energy sensor that reportedly inhibits the mTOR pathway. The antidiabetic drug metformin is also a potent AMPK activator and we investigated whether it augmented panobinostat's antineoplastic activity in bladder cancer cells (UMUC3, J82, T24 and MBT-2). Metformin enhanced panobinostat-induced apoptosis and the combination inhibited the growth of bladder cancer cells cooperatively in vitro and in vivo. As expected, metformin increased the phosphorylation of AMPK and decreased the panobinostat-caused phosphorylation of S6 ribosomal protein, thus inhibiting the panobinostat-activated mTOR pathway. The AMPK activation was shown to play a pivotal role in the combination's action because the AMPK inhibitor compound C attenuated the combination's anticancer activity. Furthermore, the AMPK activation by metformin enhanced panobinostat-induced histone and non-histone acetylation. This acetylation was especially remarkable in the proteins in the detergent-insoluble fraction, which would be expected if the combination also induced endoplasmic reticulum stress.
Introduction
Bladder cancer is the second most common malignancy of the genitourinary tract and is associated with significant morbidity and mortality [1] . So far there is no curative treatment for patients with advanced bladder cancer. Cisplatin-based combinations such as gemcitabine and cisplatin or methotrexate, vinblastine, doxorubicin and cisplatin are the standard regimens used for treating patients with metastatic bladder cancer but do not significantly prolong overall survival or progression-free survival [2, 3] . Immunotherapeutic agents targeting the programmed cell death protein 1 or programmed deathligand have attracted enormous attention but have only prolonged overall survival by several months [4] [5] [6] . Clearly there is urgent need for novel treatment strategies against advanced bladder cancer.
Histone acetylation is an emerging strategy for treating cancer [7] . Histone deacetylase (HDAC) inhibitors are a new class of anticancer agents targeting the enzymes that remove acetyl groups from lysine residues in histones [8] . Panobinostat is an HDAC inhibitor approved by the Food and Drug Administration for the treatment of multiple myeloma [9, 10] , but has limited efficacy against solid tumors [11, 12] . One possible reason for this limited effectiveness might be panobinostat's activation of the mammalian target of rapamycin (mTOR) pathway [13] . Inhibiting the panobinostat-activated mTOR pathway is therefore thought to be rational approach to enhancing panobinostat's anticancer activity.
AMP-activated protein kinase (AMPK) is a cellular energy sensor activated by ATP depletion [14] . Since AMPK can inhibit the mTOR pathway, activating AMPK is considered to be a novel strategy for killing cancer cells [14] [15] [16] [17] . We thought that combining panobinostat with an AMPK-activating agent would enhance panobinostat's anticancer activity because it would inhibit panobinostat-induced mTOR activation.
In the present study we investigated the combined effect of panobinostat and metformin on bladder cancer cells both in vitro and Selleck Chemicals (Houston, TX, USA), and 5-aminoimidazole-4-carboxamide (AICAR) purchased from Sigma-Aldrich (St Louis, MO, USA) were dissolved in dimethyl sulfoxide. Metformin purchased from Enzo Life Sciences (Farmingdale, NY, USA) and compound C purchased from Selleck Chemicals were dissolved in distilled water. These agents were stored in the dark at −80°C or− 20°C until use.
Cell Viability Assay
Cell viability was assessed by MTS assay using a CellTiter 96 AQueous kit (Promega, Madison, WI, USA) according to the manufacturer's protocol. 5 × 10 3 cells were plated in a 96-well culture plate 1 day before drug treatment. After 48-hour treatment with varying doses of single drug or combined therapy, the medium was replaced with 20 μL MTS solution buffer in 100 μL fresh medium and the plates were incubated for another hour. The plates were then read at a wavelength of 490 nm in a microplate autoreader Figure 1 . Panobinostat induced histone acetylation and endoplasmic reticulum (ER) stress but also activated the mammalian target of rapamycin pathway. (A) MTS assay. Cells were treated for 48 hours with 25-400 nM panobinostat, and cell viability was measured using MTS assay. Bars represent mean ± SD, n = 12. (B) Western blotting for acetylated histone, the ER stress markers glucose-regulated protein (GRP) 78 and endoplasmic reticulum resident protein 44 (ERp44), S6 ribosomal protein (S6), and eukaryotic translation initiation factor 4E-binding protein 1 (4EBP1). Cells were treated for 48 hours with 25-400 nM panobinostat. Actin was used for the loading control. Representative blots are shown. and the results expressed as the mean optical density of the six-well set for each group.
Colony Formation Assay
One hundred fifty individual cells were seeded into 6-well plates 1 day before being treated with 100 nM panobinostat and/ or 20 mM metformin. After 48-hour treatment, the cells were given fresh media and cultured for 1-2 weeks. The colonies were fixed with 100% methanol, stained with Giemsa's solution and counted.
Allograft Experiment
The experimental protocol for this in vivo experiment was approved by the institutional Animal Care and Use Committee of National Defense Medical College. 1 × 10 7 MBT-2 cells were implanted subcutaneously into the posterior flank region of C3H/He mice purchased from CLEA Japan (Tokyo, Japan) and treatment was initiated 7 days later (day 1), when all the mice exhibited measurable tumors. The mice were randomly divided into control and three treatment groups (n = 5 each). The treated mice received intraperitoneal injections of either panobinostat (2 mg/kg) or metformin (100 mg/kg) or both, while the control mice received vehicle only. The injections were given once a day for 20 days (10 days on, 2 days off and 10 days on). Tumor volume and body weights were measured every 4 or 5 days. Tumor volumes were estimated using the following formula: volume = 0.5 × length × width 2 . The mice were sacrificed when their tumor volume increased above 3000 mm 3 , in compliance with the ethical policy for animal experiments worldwide [23] .
Flow Cytometry

× 10
5 cells were incubated overnight in a 6-well culture plate and then incubated in fresh medium with 50-200 nM panobinostat and/or 5-20 mM metformin. After 48-hour treatment, they were washed with phosphate-buffered saline (PBS) and harvested by trypsinization. For cell cycle analysis, cells were resuspended in citrate buffer and stained with propidium iodide. For apoptotic cell analysis, cells were stained with annexin V and 7-aminoactinomycin D (7-AAD) according to the manufacturer's protocol (Beckman Coulter, Marseille, France). They were analyzed by flow cytometry using the CellQuest Pro software (BD Biosciences, San Jose, CA, USA). The experiment was performed three times.
Aggresome Detection
Aggresomes were detected by using PROTEOSTAT aggresome detection kit (Enzo Life Sciences, Farmingdale, NY, USA). Briefly, 1.0 × 10 5 cells were incubated overnight in 2-well chamber slides before being treated with 200 nM panobinostat and/or 20 mM metformin for 48 hours. Cells were then fixed, permeabilized and incubated with Hoechst 33342 and PROTEOSTAT dye according to the manufacturer's instructions. Aggresomes and the nucleus were then visualized using a fluorescence microscope (Carl Zeiss, Oberkochen, Germany).
Western Blotting
Cells were treated under the indicated conditions for 48 hours and whole-cell lysates were obtained using a radioimmunoprecipitation assay (RIPA) buffer. Equal amount of proteins were separated by 12.5% sodium dodecyl sulfate-polyacrylamide gel electrophoresis and transferred to nitrocellulose membranes. To evaluate the changes in the expression of proteins in the detergent-insoluble fraction (pellets obtained after the protein extraction using RIPA buffer) induced by each treatment, the pellets were washed with PBS, lysed using the extraction buffer in the EzSubcell Extract kit (ATTO, Tokyo, Japan) and then subjected to western blotting as described previously [24] . After the membranes were blocked with 5% skimmed milk, they were incubated overnight with a 1:400 dilution of anti-cyclin D1, anti-cyclin dependent kinase ( 
Statistical Analysis
Combination indexes were calculated by the Chou and Talalay method using CalcuSyn software (Biosoft, Cambridge, UK) [25] .
The statistical significance of differences was determined using the Mann-Whitney U test (JMP pro14 software; SAS Institute, Cary, NC, USA), and P values less than .05 were considered to indicate a significant difference.
Results
Panobinostat Induced Histone Acetylation and Endoplasmic Reticulum (ER) Stress But Also Activated the mTOR Pathway
Panobinostat inhibited the growth of bladder cancer cells in a dosedependent manner ( Figure 1A) , and the mean inhibitory concentration (IC50) varied among cell lines ( Table 1) . As expected, panobinostat induced histone acetylation in a dose-dependent manner ( Figure 1B ). Because inhibition of HDACs reportedly suppresses molecular chaperones and induces ER stress [26, 27] , we also examined whether panobinostat induced ER stress in bladder cancer cells. Panobinostat increased the expression of the ER stress markers GRP78 and ERp44, showing that it induced ER stress as well as histone acetylation. It also decreased the expression of phosphorylated 4EBP1, indicating that it inhibited one of the downstream proteins of the mTOR pathway. Interestingly, panobinostat also increased the phosphorylation of S6, another downstream protein of the mTOR pathway located at a different signaling axis from 4EBP1. While suppressing one signaling axis of the mTOR pathway, Figure 3 . The combination of panobinostat and metformin significantly inhibited bladder cancer growth in murine subcutaneous allograft tumor models. (A) Changes in the tumor volume. A murine allograft model was established using MBT-2 cells. The vehicle group received intraperitoneal injections of dimethyl sulfoxide and distilled water, the treatment groups received 2 mg/kg panobinostat or 100 mg/kg metformin or both. The injections were given once a day for 20 days (10 days on, 2 days off and 10 days on). Mean ± SE, n = 5. *P = .001 at day 22. (B) Changes in the body weight. Mean ± SD, n = 5. *P = .571, **P = .413, ***P = .191 at day 22. panobinostat was shown to activate another signaling pathway and thereby attenuate its anticancer activity.
The Combination of Panobinostat and Metformin Inhibited Bladder Cancer Growth Both In Vitro and In Vivo
The combination of panobinostat and metformin inhibited the growth of bladder cancer cells effectively (Figure 2A) . The combined cytotoxic effects were also apparent in morphology. On microscopic examination, cells treated by the combination had a round and swollen morphology and most of them were floating and markedly different from the untreated cells ( Figure 2B ). Furthermore, isobologram analysis and calculation of the combination index confirmed the synergism of this combination ( Figure 2C and Table 2 ).
To confirm the beneficial combined effect of an HDAC inhibitor and metformin, we then treated the bladder cancer cells with other HDAC inhibitors, SAHA or entinostat, in combination with metformin. Interestingly, we found that these combinations also inhibited bladder cancer growth synergistically (Figure 2 , D and E and Tables 3 and 4) . Combining an HDAC inhibitor and metformin was thus shown to be a promising approach to killing bladder cancer cells.
We then investigated whether the combination of panobinostat and metformin affected the clonogenic survival of bladder cancer cells. The combination of panobinostat and metformin inhibited their colony formation significantly ( Figure 2F ). Thus the combination was shown to inhibit bladder cancer growth effectively in vitro. We next tested the in vivo efficacy of the combination. In murine subcutaneous allograft tumor models using MBT-2 cells, a 22-day treatment using the combination of panobinostat and metformin was well-tolerated and almost completely suppressed tumor growth ( Figure 3A) . No remarkable treatment-associated adverse events were observed and changes in body weight did not significantly differ among the groups (Figure 3B ), reflecting the safety of this combination therapy. Thus the combination of panobinostat and metformin was shown to inhibit bladder cancer cell growth effectively both in vitro and in vivo.
The Combination of Panobinostat and Metformin Induced Robust Apoptosis
We evaluated the cell cycle changes induced by the combination of panobinostat and metformin. In all the cell lines, the combination increased the number of the cells in sub-G1 fraction significantly ( Figure 4A ). Western blotting demonstrated that it markedly decreased the expression of the cell-cycle regulators cyclin D1 and CDK4 ( Figure 4B ), which was consistent with the cell cycle changes it induced. The combination also increased the number of annexin-V positive cells significantly ( Figure 4C ). Thus the combination of panobinostat and metformin was shown to induce robust apoptosis.
Metformin Activated AMPK and Inhibited the PanobinostatActivated mTOR Pathway
We postulated that metformin in the combination would activate AMPK and thereby inhibit the panobinostat-activated mTOR pathway, enhancing panobinostat's anticancer activity, so we evaluated combination-induced changes in the expression of AMPK and mTOR-related proteins. In all the cell lines, metformin increased the phosphorylation of AMPK and decreased the panobinostatcaused phosphorylation of S6, demonstrating that metformin actually inhibited the panobinostat-activated mTOR pathway ( Figure 5A) . Furthermore, the panobinostat-caused dephosphorylation of 4EBP1 was further promoted by metformin, which also attested that metformin inhibited mTOR.
To further evaluate the role of AMPK activation in the combination's action, we treated bladder cancer cells with the AMPK inhibitor compound C with and without the panobinostatmetformin combination. Compound C significantly attenuated the combination's cytotoxic effect ( Figure 5 , B and C). It also decreased the combination-increased annexin-V positive cells significantly, showing that it inhibited the combination-induced apoptosis ( Figure 5D ). These results suggest that AMPK activation plays an important role in the combination's anticancer effect. To explore the relevance of AMPK phosphorylation, we treated the cells with different concentrations of compound C with and without the combination and evaluated changes in the expression of mTORrelated proteins. Western blotting showed that compound C increased the phosphorylation of both S6 and 4EBP1 in a dosedependent manner, confirming that it actually inhibited the function of AMPK and thereby activated the mTOR pathway ( Figure 5E ). The combination of panobinostat and metformin increased the expression of phosphorylated AMPK as it did in the previous experiment and decreased the compound-C activated phosphorylation of S6 and 4EBP1. Thus AMPK phosphorylation was shown to be an important mechanism by which the combination activated AMPK and inhibited the mTOR pathway. It is interesting that compound C decreased the combination-increased phosphorylated AMPK expression only slightly, suggesting that suppressing activated AMPK kinase was not the only way that compound C inhibited AMPK function.
The Combination of Panobinostat and Metformin Induced Protein Acetylation Cooperatively
AMPK activation reportedly induces histone acetylation in other cancers [20, 21] , so we postulated that that the combination of panobinostat and metformin would cooperatively induce histone acetylation. The AMPK activator AICAR increased phosphorylation of AMPK and induced acetylation of histone and α-tubulin ( Figure 6A ). Thus AMPK activation was shown to induce protein acetylation also in bladder cancer cells. The combination of panobinostat and metformin decreased the expression of ACC but did not always induce protein acetylation as postulated ( Figure 6B ): metformin enhanced panobinostat-induced histone acetylation only in UMUC3 and MBT-2 cells and, surprisingly, decreased it in J82 and T24 cells. Panobinostat-induced α-tubulin acetylation was promoted by metformin in T24 cells but was decreased by it in UMUC3, J82 and MBT-2 cells. As with the whole protein, no cooperative acetylation of lysine was seen by the combination. These results were inconsistent with our postulation and we thought that some of the acetylated proteins might shift to the detergent-insoluble fraction. We therefore solubilized the detergent-insoluble fraction and subjected the newly obtained lysates to western blotting. The combination of panobinostat and metformin induced the acetylation of histone, α-tubulin and whole protein contained in the detergentinsoluble fraction cooperatively in all the cell lines ( Figure 6C) . Interestingly, the acetylation was especially notable in the cell lines in which protein acetylation in the detergent-soluble fraction was decreased. Thus the combination was shown to induce protein acetylation cooperatively.
To further explore the mechanism of this cooperative protein acetylation, we evaluated changes in the expression of HDACs, enzymes that deacetylate proteins. We found that the combination of panobinostat and metformin decreased the expression of HDACs ( Figure 6D ), especially HDAC6, and this decreased HDAC expression, like the combination's AMPK activation, is a mechanism by which the combination enhanced protein acetylation.
The Combination of Panobinostat and Metformin Induced ER Stress
Because the combination of panobinostat and metformin decreased the expression of HDACs, we thought that it would induce ER stress cooperatively. In UMUC3 and J82 cells the combination increased the expression of ERp44 cooperatively, and in T24 and MBT-2 cells it increased the expression of GRP78 cooperatively ( Figure 7A ). Thus the combination increased the expression of the ER stress markers, showing that it actually induced ER stress in bladder cancer cells. Furthermore, compound C attenuated the combination-induced histone acetylation and ER stress ( Figure 7B ), confirming that AMPK activation was one important mechanism of this ER stress induction.
Generally, ER stress is induced in response to increased unfolded proteins in the cell [28] and some of the accumulated unfolded proteins then aggregate and form aggresomes [29, 30] . We therefore then examined whether the combination caused aggresome formation. Either panobinostat or metformin alone caused aggresome formation moderately and the combination did so extensively ( Figure 7C ). This aggresome formation was consistent with our observation that combination-induced protein acetylation was especially notable in the detergent-insoluble fraction (i.e., some of the acetylated proteins aggregated and shifted to the detergent-insoluble fraction).
Discussion
Dysregulation of HDAC is associated with tumorigenicity and the survival of malignant cells [31] [32] [33] . HDAC inhibitors have therefore been attracting attention as novel anticancer drugs [33] [34] [35] . In the present study the pan-HDAC inhibitor panobinostat induced histone acetylation but also activated the mTOR pathway by causing phosphorylation of S6, which could be attributed to drug resistance and limited efficacy [11] [12] [13] . We therefore thought that combining panobinostat with a drug that suppresses the mTOR pathway would enhance panobinostat's anticancer activity.
The mTOR pathway is also an attracting target for bladder cancer treatment. Genetic variations in phosphatidylinositol 3-kinasemTOR pathway have been reported to be associated with bladder cancer risk [36] and correlate with higher grades and higher stages [37] . Furthermore, it has been shown that PI3K-mTOR dual inhibitor NVP-BEZ235 suppresses bladder cancer cell proliferation in vitro and in vivo [38] and that mTOR inhibitors inhibit bladder cancer cell viability by suppressing mTOR-related proteins such as p-S6 and p-4EBP1 [39, 40] . Nonetheless, the mTOR inhibitor temsirolimus was not effective in phase II trials in patients with metastatic urothelial cancer [41] . AMPK is a metabolic sensor and has been demonstrated to be potentially useful for treating cancer by suppressing the mTOR pathway [14] [15] [16] [17] . Downregulation of AMPK has been reported in many malignancies, including bladder cancer [42] [43] [44] [45] [46] , and our study showed that the AMPK activator AICAR inhibited the growth of bladder cancer cells ( Figure S1 ). Metformin has been attracting attention for cancer prevention and therapy by activating AMPK and decreasing ATP production by inhibiting mitochondrial respiratory chain complex I [18, 19] . We showed in the present study that metformin indeed augmented panobinostat's activity by activating AMPK and suppressing panobinostat-induced mTOR activation. We also showed that this AMPK activation was an important mechanism of the combination's action because the AMPK inhibitor compound C attenuated the combination's cytotoxicity and ability to induce apoptosis.
The combination of panobinostat and metformin also induced protein acetylation cooperatively. In addition to suppressing mTOR activation, AMPK inhibits ACC, an enzyme that causes cellular acetyl-CoA to accumulate and thereby enhances histone acetylation [20] [21] [22] . In our study the combination of panobinostat and metformin also decreased the expression of ACC and enhanced panobinostat-induced protein acetylation. Histone acetylation is a well-known anticancer mechanism [7, 8] , and α-tubulin acetylation also acts against cancer because it stabilizes microtubules and thereby suppresses epithelial mesenchymal transition, one of the hallmarks of cancer progression [47] . The whole protein acetylation suggested that the histone-acetylation-related molecules in the cell, such as HDACs and ACC, targeted not only histone but also non-histone proteins. Interestingly, the protein acetylation induced by the combination was especially notable in the detergent-insoluble fraction. Several prior studies have found that misfolded protein accumulation leads to induction of ER stress, resulting in protein aggregation and shifting to the detergent-insoluble fraction [24, 30, 48] . We have shown in the present study that the combination also caused ER stress and aggresome formation. Protein acetylation may therefore play a role in the protein aggregation process.
ER stress induction is beneficial approach for killing cancer [49, 50] . ER stress is induced when the amount of misfolded protein exceeds the capacity of the ER refolding capacity, and prolonged ER stress kills cancer cells [51] . We have previously reported that ER stress had multiple effects-such as HDAC inhibition [24, 52, 53] , mTOR suppression [22, 54] and tumor necrosis factor-related apoptosisinducing ligand (TRAIL) receptor upregulation [55] -and killed urological cancer cells effectively [24, [52] [53] [54] [55] [56] . In the present study the combination of panobinostat and metformin induced ER stress cooperatively, and this would be an important mechanism of the combination's anticancer action.
To the best of our knowledge this is the first study to investigate the interaction of panobinostat and metformin in cancer cells, but it has some limitations. Because the combination suppressed in vivo tumor growth almost completely, we could not obtain the tumor specimens and therefore could not assess changes in protein expression and histopathological findings in vivo. Another limitation is that the role of the whole protein acetylation was unknown. As mentioned above, it may play a role in the protein aggregation process, and acetylation itself may cause proteins to aggregate. On the other hand, the HDAC suppression may inhibit molecular chaperones such as HSP90 [57] , increasing misfolded proteins and thereby causing aggregation, and the whole protein acetylation may be only a result of the HDAC suppression and make no contribution to protein aggregation. Clarifying the exact role of the whole protein acetylation would be an important next step.
Combinations of an HDAC inhibitor and metformin have already been studied in other types of cancer [58] [59] [60] , but in the present study using bladder cancer cells we have found novel mechanisms of action of the combination of the HDAC inhibitor panobinostat and metformin. A possible mechanism of action of the combination of panobinostat and metformin is summarized in Figure 8 . Metformin augmented panobinostat's antineoplastic activity in bladder cancer cells by activating AMPK. Inducing histone and non-histone acetylation and ER stress would also be important mechanisms of action. Because both drugs have been widely used clinically, it would be relatively easy to translate our results into clinical use. The present study would provide a basis for testing this combination in patients with advanced bladder cancer.
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